Abstract. Hepcidin is one of the most important proteins in iron metabolism. In the present study, its role in iron metabolism and the associated signaling pathways involved was investigated in a mouse model with insulin receptor substrate 1-loss of function (IRS -/-), and osteoblasts in the iron overload condition. Protein expression levels of hepcidin, interleukin 6 (IL-6), bone morphogenetic protein receptor 1α and ferritin demonstrated a significant increase in the liver of the IRS -/-mice compared with the IRS +/-and IRS +/+ mice. Hepcidin levels in the jaw bone were also increased in the IRS -/-mice (although not significantly). Furthermore, mRNA expression levels of bone morphogenetic protein 6 (BMP6) and ferroportin (FPN) were significantly increased in the liver of the IRS -/-mice compared with the other two models, but no significant differences were observed in the transferrin receptor mRNA expression levels. Additionally, the mRNA expression of hepcidin, FPN and IL-6 was upregulated in osteoblasts after ferric ammonium citrate exposure, while the mRNA expression of BMP6 was inhibited. Collectively, the results of the present study indicated that hepcidin is involved in iron metabolism in IRS-1 -/-mice via the signaling pathways involving BMP6 and IL-6. Furthermore, hepcidin is also involved in iron metabolism in osteoblasts under iron overload conditions. Therefore, hepcidin and its associated signaling pathway proteins may represent potential targets for the treatment of conditions associated with iron overload.
Introduction
Iron is an essential element for almost every organism, from animals to microorganisms (1) . Iron-associated disorders occur in conditions of iron deficiency or iron overload (2, 3) . Hepcidin is a micro-molecule polypeptide that is composed of 25 amino acids (4, 5) and is involved in the regulation of iron metabolism. It is mainly expressed in liver cells, but it is also expressed in fat cells (6) , pancreatic β cells (7) and bone marrow cells, including monocytes (8, 9) , macrophages (10) and neutrophils. Hepcidin regulates iron metabolism by binding to ferroportin (FPN), which is the only route for iron export, leading to its internalization and degradation (11) . As a key element of iron metabolism, hepcidin is influenced by factors such as iron storage, inflammation, anoxia and erythropoiesis (12) . The most two important signaling pathways for hepcidin expression are the bone morphogenetic protein 6 (BMP6) (13) and Janus kinase2/signal transducer and activator of transcription 3 (JAK2/STAT3) signal pathways (14) . In the BMP6 signaling pathway, BMP6 binds to its receptor (BMPR) to activate the phosphorylation of mothers against decapentaplegic homolog (SMAD) 1, 5 and 8, which subsequently leads to the induction of hepcidin transcription. An integrated BMP signaling pathway is necessary for maintaining the expression of hepcidin; mutations or defects in any of the involved proteins lead to a reduction in hepcidin levels. For example, deletion of the genes encoding the BMP6 ligand (15) , BMPR1α (16) , the BMP receptor hemojuvelin (13) and SMAD 4 (17) , or addition of the BMP ligand inhibitor HJV.Fc (18) , BMPR1α-Fc, and the BMP1Rα-LDN-193189 inhibitor (16) can inhibit the expression of hepcidin. Furthermore, increase in the levels of interleukin (IL)-6 can also promote hepcidin expression via the JAK2/STAT3 signaling pathway (19, 20) . Many studies have demonstrated that iron metabolism is associated with insulin resistance, diabetes, and obesity, and that hepcidin serves an important role in these conditions (21) (22) (23) (24) . For example, in some types of obesity (25) or in lean juveniles (26) , abnormality in iron storage and certain metabolic risk markers are observed. Furthermore, the hepcidin level in the urine, serum and liver in patients with dysmetabolic iron overload syndrome was significantly higher than in patients with hereditary hemochromatosis or insulin resistance without iron overload (27, 28) . It was also observed that hepcidin levels in obese children with nonalcoholic fatty liver disease was significantly higher than in obese children without the disease (29) . In addition, hepcidin and ferritin are thought to be associated with the inflammatory status in obesity and type 2 diabetes (22, 23) . One study has reported that iron overload can also induce insulin resistance in visceral adipose tissue as a result of hepcidin upregulation (24 The iron nutritional status is associated with bone metabolic abnormalities. For example, Weinberg (30, 31) indicated that iron overload was a risk factor for osteoporosis. Additionally, iron overload was recently reported to be associated with osteopenia, osteoporosis and osteomalacia (32) (33) (34) (35) . In addition, as an important iron regulatory factor, hepcidin is regarded as a therapeutic target for the treatment of osteoporosis in menopausal women (36) . However, the molecular mechanism of iron metabolism under conditions of iron overload in patients with osteoporosis is unclear, especially regarding the role of hepcidin signaling pathways.
The insulin receptor substrate (IRS) family of proteins functions as a substrate for insulin receptors, and they comprise four members: IRS1, 2, 3 and 4. IRS1 is composed of 1231 amino acids and is mainly distributed in the muscle and liver. It serves a crucial role in the insulin signaling pathway. In the present study, a mouse strain carrying a spontaneous mutation that abolishes IRS-1 activity (IRS -/-) was used. These mice were lean and the body development in embryonic phase was slow, and they had a lifespan of <2 weeks on average. These mice carried a nonsense mutation of the 57th serine (substitution of nucleotide C with A) of insulin receptor substrate 1 (IRS1). A mutation of the 57th amino acid of this protein led to the disappearance of its expression. In a previous preliminary study, it was demonstrated that these IRS -/-mice manifested osteogenesis imperfecta and adipogenesis imperfecta, and that the expression of BMPR1α, an important receptor in the hepcidin signaling pathway, was upregulated (37) . Thus, this mouse model is suitable for investigation of iron metabolism in insulin metabolic abnormalities, where osteogenesis imperfecta is manifested as one of the main pathological changes.
Therefore, the present study hypothesized that iron metabolism is regulated via the insulin signaling pathway, which also can induce bone metabolism changes. In the present study, the role of hepcidin in iron metabolism and the signaling pathways involved in the IRS -/-mouse model were investigated. Additionally, an attempt was made to provide insight into the association between iron metabolism and the bone metabolic abnormalities by inducing an iron overload condition in osteoblasts, where hepcidin signaling pathway serves an important role.
Materials and methods
Animal model. The animals used were four 4-week-old wild-type C57BL/6J female mice (IRS +/+ mice) and four 4-week-old IRS +/-male mice heterozygous for IRS-1 provided by Prof. Zhou (Institute of Endocrinology and Metabolism, The Second Xiang-Ya Hospital of Central South University, Hunan, China). The present study was approved by the Ethical Committee of the Second Xiang-Ya Hospital of Central South University. The mice were bred in a sterile environment at a humidity of 50±10% that was temperature and light controlled (12-h night/12-h day cycle, 22±1˚C), and they were provided adequate food and water. Mice with different sex and genotypes were bred together due to the research design. Three weeks after birth, offspring were weaned off the mothers and their genotype was ascertained. Mice with different genotypes were used in this study, including wild-type mice IRS +/+ , heterozygote mice IRS +/-and homozygote mice IRS -/-.
Mice were sacrificed 6 months following breeding, biochemical-associated analyses were then carried out.
Genotype identification. Tail DNA was extracted via the DNA extraction kit (Universal Genomic DNA Extraction kit, Takara Bio Inc., Otsu, Japan), after which polymerase chain reaction (PCR) amplification and enzyme cleavage were carried out. The enzyme-digested product was subsequently used for polyacrylamide gel electrophoresis. Firstly, 10 ml 12% polyacrylamide gel were prepared using 4 ml polyacrylamide, 3.39 ml double distilled water, 2 ml 5x tetrabromoethane, 70 µl 10% ammonium persulfate and 3.5 µl tetramethylethylenediamine, all electrophoresis related reagents were purchased from Beyotime Institute of Biotechnology (Shanghai, China). Lastly, the genotype was determined using the gel imaging analysis system.
Western blot analysis. Mice were sacrificed by cervical dislocation after 6 months of breeding, livers were then extracted for analysis. Liver tissues were irrigated with sterile PBS to remove residual blood and cut into small pieces. Liver samples were ground post-fixation with liquid nitrogen; ultrasonic degradation was then used for tissue fluid extraction. The protein concentration was determined using the Bicinchronic Acid protein assay kit (Thermo Fisher Scientific Inc., Waltham, MA, USA). Proteins (10 µg/well) were separated by 10% SDS-PAGE and transferred to a nitrocellulose membrane. After blocking the membrane with 5% bovine serum albumin in phosphate-buffered saline containing 0.1% Tween 20 at room temperature for 1 h, the blotted membrane was probed with the relevant antibodies at 4˚C overnight, including IRS-1 Immunohistochemistry analysis. After mice sacrifice, liver and jaw bone tissue samples of the three mouse models were obtained and the jaw bone tissues were decalcified using 10% EDTA (38) . These tissues were deposited in paraffin-recipient blocks. Subsequently, the paraffin tissue sections were dewaxed and rehydrated in a descending alcohol series (100, 95, 90, 80, 70 and 50%). For antigen retrieval, the slides were heated in 0.01 M sodium citrate buffer at 100˚C for 3 min. After blocking with 5% bovine serum albumin (cat. no. ST023, Beyotime Institute of Biotechnology) for 1 h at 37˚C, the slides were incubated with anti-hepcidin antibody (1:200; cat. no. ab30760, Abcam) overnight at 4˚C. The slides were subsequently washed three times with phosphate-buffered saline and incubated with a horseradish peroxidase-conjugated secondary antibody (1:100; cat. no. ab97100; Abcam) for 1 h at room temperature. Each slide was treated with a diaminobenzidine solution (1:25; cat. no. P0203; Beyotime Institute of Biotechnology) at room temperature for 5 min, and then prepared for microscope observation.
RNA extraction and reverse transcription-quantitative polymerase chain reaction (RT-qPCR).
RNA was extracted using TRIzol reagent (Invitrogen; Thermo Fisher Scientific, Inc.), and the total RNA concentration was determined using an ultraviolet spectrophotometer. Subsequently, the RNA was reverse transcribed to cDNA with an RT reagent kit (Takara Bio Inc.). RT-qPCR was carried out using SYBR green (Takara Bio Inc.) using the following primers: GAPDH: Forward, 
Results
Genotype identification. The IRS -/-mice used in this study were lean, and their weight was 40-60% of the wild-type mice; this feature was useful for phenotype identification initially. Following this, DNA identification was performed using the tail tissue. The Taq1 enzyme was employed to cut off the DNA at the site of the C-A nucleotide mutation, and the resulting dissected DNA fragments were 192 and 143 bp. Gel electrophoresis was employed to separate the DNA fragments: Wild-type mice only exhibited the 143-bp fragment, the IRS -/-mice only exhibited the 190-bp fragment, and the IRS +/-mice exhibited both the 143 and 190-bp fragments (Fig. 1A) . The IRS1 protein levels were detected using western blotting and were significantly lower in the IRS -/-mice compared with the IRS +/+ and IRS +/-mice (Fig. 1B) .
Hepcidin levels in the liver and jaw bones in the different groups of mice.
Hepcidin was widely expressed in the liver (as indicated by the black arrow in Fig. 2A ). Hepcidin levels were significantly higher in the liver in the IRS -/-mice compared with the IRS +/-and IRS +/+ mice. Furthermore, hepcidin levels in the IRS +/-mice were slightly higher compared with the IRS +/+ mice ( Fig. 2A) . On the other hand, hepcidin levels in the jaw bone were low compared with in the in mice livers. However, it was observed that the hepcidin level in the jaw bone of IRS -/-mice was higher compared with in the other two mouse models (Fig. 2B) .
Alterations at the protein and mRNA levels of hepcidin signaling pathway proteins in the liver of the different groups of mice.
The protein expression levels of hepcidin, IL-6, and BMPR1 in the liver were higher in the IRS -/-mice compared with the IRS +/-and IRS +/+ mice (P<0.05, Fig. 3 ). Protein expression levels of BMPR1α and ferritin in IRS -/-mice were significantly higher compared with the IRS +/+ mice (P<0.001, Fig. 3 ). Additionally, protein levels of BMPR1α in the IRS +/-mice was significantly higher compared with the IRS +/+ mice (P<0.05, Fig. 3 ). No significant differences were observed in the protein expression levels of hepcidin and IL-6 between IRS +/-and IRS +/+ groups. Regarding the mRNA expression levels, the BMP6 mRNA levels in IRS -/-mice were significantly increased compared with the other two groups (P<0.001, Fig. 4A ). The FPN mRNA levels were significantly higher in the IRS -/-mice compared with the IRS +/-(P<0.001, Fig. 4B ) and IRS +/+ (P<0.01, Fig. 4B ), while there was no significant difference between the IRS +/-and IRS +/+ mice (P<0.05, Fig. 4 ). There were no significant differences in the mRNA levels of TfR 1 and 2 among the three mouse models (P<0.05, Fig. 4C and D) .
Alterations in the mRNA expression levels of hepcidin signaling pathway proteins in osteoblasts after ferric ammonium citrate exposure. After treatment with FAC at various concentrations, the mRNA expression levels of hepcidin, FPN and IL-6 significantly increased compared with the control group (P<0.001, Fig. 5) , with the peak mRNA levels observed at the FAC concentration of 100 mM. However, the BMP6 mRNA level declined compared with the control group (P<0.001, Fig. 5) , with the minimum level observed at the concentration of 100 mM. 
Discussion
In the present study, the role of hepcidin in iron metabolism was examined in IRS-deficient mice and osteoblasts with iron overload induced via exposure to FAC. Furthermore, an attempt was made to elucidate the signaling pathways involved in the role of hepcidin in iron metabolism under the aforementioned conditions.
Hepcidin levels in the liver of IRS -/-mice was higher compared with in IRS +/-and IRS +/+ mice. Additionally, the hepatic protein expression levels of ferritin, which is considered as one of the main predictors of the iron level, were examined (40, 41) . A significant increase in ferritin levels in the IRS -/-and IRS +/-mice compared with in IRS +/+ mice was identified. This finding implies that the iron storage levels in the IRS -/-and IRS +/-mice models are high, and that iron overload is a possible condition within these two mouse models. Considering the significantly higher levels of hepcidin in the IRS -/-mice, hepcidin may be involved with iron metabolism in this model.
In the present study, the protein expression levels of BMPR1α were significantly elevated within IRS -/-mice, in accordance with the data obtained via microRNA and PCR arrays in a previous study (37) . In order to further understand the role of the BMP signaling pathway in hepcidin expression within IRS -/-mice, the mRNA expression level of BMP6 was studied via RT-qPCR analyses. The BMP6 levels within IRS -/-mice were higher compared with in the other two genotypes. Thus, upregulation of BMPR1α and BMP6 expression may have induced hepcidin expression in the liver of this mouse model. The JAK2/STAT3 signaling pathway is another important pathway for hepcidin expression, in which IL-6 serves a key role. A study has reported that the levels of hepcidin and proinflammatory factors were increased simultaneously in fat tissue and liver (42) . Additionally, obesity is considered as a moderate inflammatory state characterized by high levels of hepcidin and TNF-α (28). Furthermore, some studies have reported that inflammatory factors, including liposaccharide, IL-6, IL-1-α, and IL-1β can induce hepcidin expression in the liver (19, 43, 44) . In the present study, IL-6 expression was significantly increased in the IRS -/-mice compared with in the other two models. IL-6 expression may be associated with the inflammatory status and the presence of adipogenesis imperfecta within IRS -/-mice. Thus, upregulation of IL-6 expression probably induced upregulation of hepcidin expression in this model.
TfR1 and TfR2 levels in the mouse liver were also examined, in order to understand the iron metabolism in the model mice. Tf is one of the most important carriers of iron, and many tissues obtain iron via TfRs. A study has reported that the TfR1 levels in hematochromatosis and non-alcoholic fatty liver disease (NAFLD) patients with iron overload were lower than those of NAFLD patients with iron deficiency (28) . However, in the present study there were no significant differences in the TfR levels between the mice models. Therefore, TfR levels may not be affected within the liver of IRS -/-mice. Notably, the mRNA expression levels of FPN, the only iron exportation protein (45) , was higher in the IRS -/-mice than in the IRS +/-and IRS +/+ mice. A possible reason for this is that increased hepcidin expression in the IRS -/-mice promoted intracellular iron overload, leading to higher FPN expression.
The findings of the present study indicated that the hepcidin and iron levels are increased in the liver of the IRS -/-mice, and that the BMP6 and IL-6 signaling pathways are the main factors involved in the alteration of hepcidin levels. However, alterations in iron status may induce systemic changes, such as osteoporosis. Previous data have indicated that iron overload can induce osteoporosis (35, 46) . Furthermore, several studies have indicated the direct relationship between iron overload and osteoporosis, wherein hepcidin serves a crucial role (47) (48) (49) . In the present study, osteogenesis imperfecta was a characteristic of the IRS -/-mice. Additionally, an increase in the hepcidin levels in the jaw bone of IRS -/-mice was detected, even though the levels were low in all animal models. Thus, hepcidin and iron status may be associated with bone metabolism since abnormal iron metabolism may induce bone metabolic abnormality, such as osteoporosis.
In order to improve understanding of the association between hepcidin and bone metabolism the hepcidin signaling pathways was further investigated in an osteoblast cell line with iron overload condition. Previous studies have indicated that iron overload induced biological activity changes to osteoblasts, including iron metabolism and the osteogenic effect (50) (51) (52) (53) . These data indicated that iron may serve an important role in osteogenesis and that iron deficiency and iron overload may inhibit osteoblast differentiation and development, respectively. Furthermore, hepcidin expression is associated with bone metabolism. Hepcidin promotes osteoblastic differentiation and mineralization by regulating the expression of alkaline phosphatase and osteogenic genes (54) or by increasing intracellular iron levels (48) . Hepcidin knockout mice have been reported to have developed defects in bone microarchitecture and alterations in bone formation markers (55) . In the present study, the mRNA expression levels of BMP6, an important bone morphogenetic protein for endochondral ossification, was reduced following FAC treatment which was not in accordance with the results in the IRS -/-mice, and this effect was more evident at a concentration of 100 mM. This may due to the iron overload induced by FAC, which inhibited the expression of osteogenesis-associated proteins. Additionally, it has been reported that the expression level (56) . In the present study, the IL-6 mRNA expression levels were increased in osteoblasts after FAC exposure. Excess iron may induce oxidative stress leading to an inflammatory state, as evidenced by the increase in the expression of inflammatory factors (57, 58) . Thus, IL-6 may be involved in hepcidin induction within osteoblasts via the JAK2/STAT3 signaling pathway following FAC treatment. Finally, the increased mRNA expression levels of FPN may due to the iron overload condition, as FPN promoted iron exportation to maintain the intracellular iron balance.
In conclusion, the present study indicated that IRS1 deficiency may result in a significant increase in hepcidin expression and alterations in the expression levels of associated signaling pathway proteins. The upregulation of hepcidin expression levels within the liver and jaw bone of IRS efficient mice may due to the increased expression of BMPR1α and IL-6 via the BMP6 and JAK2/STAT3 signaling pathways. Therefore, hepcidin may be closely associated with iron metabolism via the BMP6 and JAK2/STAT3 signaling pathways in the IRS -/-mice model. Furthermore, IRS1 may serve a role in the hepcidin-associated signaling pathways; however, further investigation is required. Finally, iron overload was demonstrated to affect the mRNA expression levels of the hepcidin-associated genes within osteoblasts, but this also requires further investigation.
